The differentiation of proheterocysts and heterocysts in Anabaena cylindrica was initiated by the removal of NH4C1 from the medium. The development of both proheterocysts and mature heterocysts was inhibited by rifampicin, chloramphenicol and mitomycin C, at final concentrations of 0.2, 4.0 and 1.0 pg ml-l, respectively. However, lower concentrations than these were sufficient to inhibit mature heterocyst development while permitting proheterocyst formation. The presence of rifampicin (0-2 pg ml-l) during the early stages of the induction of differentiation, just prior to the initial visual detection of proheterocysts, led to an increase in the frequency of heterocysts that subsequently developed. To assess the commitment of cells to differentiation, samples of culture were incubated with inhibitors or NH,Cl, or were transferred to darkness, at different times following the initiation of development. Each treatment produced a characteristic commitment time which differed for proheterocysts and mature heterocysts. The data obtained from these experiments have been used to formulate a model for the control of heterocyst development in A . cylindrica, in which DNA replication serves as a timer mechanism for the process.
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Thus, if NH4Cl is added back to a culture of Anabaena cylindrica during the early stages of proheterocyst formation, these cells will cease further development and return to vegetative growth (Kulasooriya & Fay, 1971 ; Bradley & Carr, 1976 ,1977 . There is a point, however, when the readdition of fixed nitrogen cannot prevent the development of a proheterocyst into a heterocyst (Bradley & Carr, 1976 , 1977 ; this is known as the commitment point (or time) for heterocyst development. Proheterocysts themselves have a commitment point prior to which their development can be prevented by readdition of fixed nitrogen and following which it cannot. The commitment time for the formation of a proheterocyst occurs well before that for the maturation of that cell into a heterocyst (Bradley & Carr, 1976 , 1977 ; Adams & Carr, 1981) . Bradley & Carr (1977) demonstrated that the commitment times for readdition of fixed nitrogen and transfer to darkness were different, and that further commitment points could be detected if nucleic acid biosynthesis was inhibited by rifampicin, proflavin or fluorouracil. This enabled them to define an ordered sequence of events during proheterocyst development and maturation, based on the points at which the differentiation process became refractory to various inhibitory influences. These studies have been extended in the present work, and a model for the regulation of heterocyst development is proposed.
METHODS
Organisms and growth conditions. Anabaena cylindrica (PCC 7 122, Pasteur Culture Collection of cyanobacteria) was grown in the medium of Allen & Arnon (1955) supplemented with 4 mwNH4CI (A2N4 medium). To induce heterocyst differentiation, cultures were transferred to unsupplemented Allen & Arnon medium (A2) as detailed below. Cultures were routinely grown at 29 & 0.5 "C in 1 litre glass culture vessels (Quickfit) containing 1 litre of AzN, medium. Filaments were maintained in suspension by magnetic stirring and were gassed with sterile 5 % (v/v) C 0 2 in air. Illumination was provided by one 60 W incandescent light bulb placed 15 cm from the centre of the growth vessel, resulting in a light intensity, measured at the centre of the vessel, of 12 pE m-2 s-'. For experimental purposes cultures were used only during exponential growth, at OD72o between 0.10 and 0.35.
Initiation of'heterocyst development. Cultures grown in medium AzN4 (1 litre) were aseptically transferred to autoclaved polypropylene centrifuge bottles (1 litre) and centrifuged at 4000 r.p.m. and 29 "C for 15 min in a Coolspin centrifuge (Measuring and Scientific Instruments). The supernatant was poured off and the cells resuspended in 1 litre of medium A2. This will be referred to as initiation (of heterocyst development), and the time at which cells were resuspended in nitrogen-free medium as time zero.
Incubation with inhibitors. To facilitate the simultaneous incubation of large numbers of samples following resuspension in A2, 30 ml portions were transferred to sterile 50 ml boiling tubes, equipped with gassing tubes passing through a cotton wool plug. Cultures were gassed with sterile 5 % C 0 2 in air and maintained at 29 & 1 "C. Illumination was provided by three 40 W fluorescent tubes placed 12 cm from the centre of the boiling tubes. The incident light intensity was reduced to 30 pE m-2 s-* by placing a sheet of tracing paper between the boiling tubes and light source. The inhibitors were dissolved in distilled water; this was possible with rifampicin, which has a very low solubility in water, because of the very low concentrations which were required. All inhibitors were filtersterilized prior to addition.
Initial experiments were performed with the inhibitors rifampicin, mitomycin C and chloramphenicol at a broad range of concentrations, added at time zero following transfer to medium A2, to determine the minimum inhibitory concentration required to prevent heterocyst and proheterocyst differentiation. The lowest concentrations of these compounds inhibiting both differentiation processes were subsequently examined for their effect at different time intervals upon transfer of the cells from medium A2N4 to Az. The same experimental protocol was also used to test the effects of NH4CI (4 mM) addition, and of transfer to darkness, at different stages of heterocyst development. All experiments were performed under as near identical conditions as possible and the results were compared with untreated control cultures differentiating under the same conditions and derived from the same A2N,-grown preculture.
In the case of rifampicin, two additional types of experiment were performed. In the first, following transfer to medium A2, the culture (1 litre) was returned to the original growth vessel and rifampicin was added at time zero to a final concentration of 0.2 pg m1-I. The inhibitor was removed from samples of the culture at different times during the course of heterocyst development by transferring 30 ml to a sterile boiling tube and covering the top with a piece of sterile aluminium foil. Cells were sedimented by centrifugation at 1500 r.p.m. for 15 min at 29 "C. The supernatant was poured off, the cells resuspended in medium A2 and the foil cap replaced by a sterile cotton wool plug and gassing tube. The boiling tube was then incubated as described above. In the second type of Heterocyst development in Anabaena 84 1 experiment, following resuspension in A2, samples (30 ml) were transferred to a series of boiling tubes. Rifampicin was then added (to 0.1 pg ml-l) to each tube for a different 1 or 2 h period, being removed at the end of the period by centrifugation and resuspension as described above. Estimation of cell frequencies. Unless otherwise stated, proheterocyst and heterocyst frequencies were determined 48 h after resuspension in medium lacking NH4Cl. Cell frequencies were estimated by counting a minimum of 1000 vegetative cells at a magnification of 600 x . A cell was counted as a mature heterocyst if it was larger, more regular in shape with less granular cytoplasm than a vegetative cell and had thickened cell walls and a refractile polar granule at each end of the cell. Cells with these characteristics, but lacking the thickened cell walls and the polar granules, were counted as proheterocysts. In all cases frequencies arc expressed as a percentage of total cells.
Eflect of inhibitors on DNA, RNA andprotein synthesis. (i) DNA synthesis. A culture (1 litre) was grown in medium A2N4 as described above. A portion (100 ml) was transferred to a sterile Drechsel bottle and incubated under identical conditions to the preculture. After equilibration (4 h) [tb3H]adenine (20 Ci mmol-l ; 740 GBq mmol-I) was added to 5 pCi (185 kBq) ml-l and duplicate samples (1 ml) were removed at intervals. For the estimation of incorporation into total nucleic acids, one of the duplicates was added to 1 ml ice-cold adenine (1 m~) and 1 ml icecold TCA (20%, w/v). After mixing, the sample was left on ice for a minimum of 30 min, and filtered through a glass-fibre filter (Whatman, GF/C) which was then washed with 20 ml ice-cold TCA (5%, w/v), followed by 10 ml ice-cold adenine (1 mM) and finally 50 ml water. The filter was dried and the radioactivity estimated by liquid scintillation counting. To estimate incorporation into DNA only, the other duplicate was added to 1 ml adenine (1 mM) and 2 ml NaOH (2 M). After mixing it was incubated at 32 "C for 16 h, then an equal volume of ice-cold TCA (a%, w/v) was added. After a minimum of 30 min on ice the sample was filtered and radioactivity measured as before. After 4 h, mitomycin C was added to the culture to 1 pg ml-l and sampling continued.
(ii) RNA synthesis. A portion (100 ml) of a culture (1 litre) grown in medium A2N4 was transferred to a Drechsel bottle as described above. After 4.5 h equilibration [5,6-3H] uracil (40 Ci mmol-1 ; 1.5 TBq mmol-l) was added to 5 pCi (185 kBq) ml-l. Duplicate samples (0.5 ml) were added to 0.5 ml ice-cold uracil (1 mM) and 0.5 ml ice-cold TCA (20p/,, w/v), mixed well and left on ice for a minimum of 30 min. They were then filtered through glass-fibre filters (Whatman, GF/C), and washed with 20 ml cold TCA (5%, w/v), followed by 10 ml uracil (1 mM) and finally 50 ml water. The filters were dried and radioactivity estimated as described above. After 2 h rifampicin was added to 0.1 pg ml-l and sampling continued.
(iii) Protein synthesis. A sample (100 ml) of a culture (1 litre) grown in medium A2N, was transferred to a Drechsel bottle and allowed to equilibrate for 2 h; then [3H]leucine (120 Ci mmol-1 ; 4.4 TBq mmol-I) was added to 0.2 pCi (7.4 kBq) ml-l. Duplicate samples (1 ml) were taken at intervals and added to 1 ml ice-cold leucine (2 mM) and 2 ml ice-cold TCA (20%, w/v), mixed well and left on ice for a minimum of 30 min. Samples were filtered as before and washed with 20 ml cold TCA (5%, w/v), followed by 10 ml leucine (2 mM) and finally 50 ml water. Filters were treated as above. After 2 h, chloramphenicol was added to the culture to 5 pg ml-1 and sampling continued.
RESULTS

Efect of inhibitor concentration on direrentiation
Initial experiments were performed to test the effect on proheterocyst and heterocyst development of a broad range of inhibitor concentrations. The results for rifampicin are shown in Fig. 1 (a) . At 0.05 pg rifampicin ml-l heterocyst development was completely inhibited, but proheterocyst formation was not affected. Indeed, the proheterocyst frequency was even higher (by approximately 25 %) than the heterocyst frequency of the control. A concentration of 0.2 pg rifampicin ml-l was sufficient to prevent proheterocyst formation. In subsequent experiments rifampicin was used at either 0.1 or 0.2 pg ml-l. A concentration of 0.1 pg ml-l was sufficient to cause a complete cessation of [3H]uracil incorporation into TCA-precipitable material after 60 min (Fig. 2a) , indicating a complete inhibition of RNA synthesis.
The results for chloramphenicol are shown in Fig. 1 (b) . A concentration of 0.5 pg ml-l had little effect on differentiation. However, 1.5 pg ml-l completely prevented heterocyst development, while allowing the formation of a high frequency of proheterocysts. There was a gradual decline in proheterocyst frequency as the chloramphenicol concentration was increased, until all differentiation was prevented at 4 pg ml-l. A concentration of 5 pg ml-l caused an 80% reduction in the rate of protein synthesis, estimated as incorporation of [3H]leucine into TCAprecipitable material (Fig. 2b) . . Arrows indicate the time of addition of rifampicin, 0.1 pgml-' (a), chloramphenicol, 5 pg ml-' (b) and mitomycin C, 1 pg ml-l (c). In (c) the incorporation of [8-3H]adenine into total nucleic acids was also estimated (0). Each point is the mean of duplicate samples, except in (c) where one sample was used to estimate total incorporation and the other, alkali-stable incorporation.
Mitomycin C at a concentration of 0.4 pg ml-l inhibited heterocyst maturation by approximately 70% (Fig. 1 c) . In addition, some inhibition of proheterocyst development occurred at this concentration since the combined frequency of proheterocysts plus heterocysts declined to 5 % from approximately 6.5% without mitomycin C present (Fig. lc) . At concentrations greater than 1 pg ml-l development of both types of differentiated cell was completely inhibited. A concentration of 1 pg ml-* caused a rapid and complete cessation of incorporation of [8-3H]adenine into alkali-stable, TCA-precipitable material, but had relatively little effect on incorporation into total TCA-precipitable material (Fig. 2 c) , indicative of a complete inhibition of DNA synthesis, but a continuation of RNA synthesis.
Effect of rifarnpicin on differentiation Fig. 3 shows the effect of rifampicin if the inhibitor was added (to 0.2 pg ml-l) at initiation and removed from samples of culture at increasing times thereafter. No change in final heterocyst or proheterocyst frequency was observed if the inhibitor was removed at, or prior to, 1.5 h after initiation. However, if rifampicin was present until 2-5 h then a 25-35% increase in final heterocyst frequency was detected. More prolonged incubation resulted in a gradual decline in heterocyst frequency and initially a slight increase in proheterocyst frequency. However, if rifampicin was left for longer than 11 h then no differentiation occurred. This type of experiment has the drawback that each sample is treated differently, having inhibitor present for a different length of time. To avoid this a modified experiment was performed in which each sample from a culture transferred to A2 was incubated with rifampicin (0.1 pg ml-l) for a different 1 h period, the inhibitor being removed by centrifugation and resuspension of the cells in fresh A 2 medium. The results are shown in Fig. 4 . Little alteration in final heterocyst frequency was detected when cells were incubated with rifampicin during the 0-1, 1-2 or 2-3 h periods. Some slight increase and a considerable increase (approx. 30%) in heterocyst frequency occurred if the rifampicin treatment was performed during the 3-4 h and the 4-5 h periods, respectively. Incubation with the inhibitor for 1 h from 6-10 h after initiation led to control levels of heterocyst frequencies. When the duration of incubation in the presence of rifampicin was increased to 2 h, an even greater increase in heterocyst frequency (approx. 50%) was observed if the inhibitor was present during the 2-4 h period (Fig. 4) . When this experiment was repeated with chloramphenicol (3 pg ml-l) no alteration in heterocyst frequency could be detected during any of the time periods (data not shown).
Dixerential efects of several inhibitors during heterocyst development
A series of experiments was performed to examine the effect of mitomycin C , rifarnpicin, chloramphenicol or NH,Cl, or the transfer of cultures to darkness, at different stages in the course of heterocyst differentiation. The minimum time after initiation at which rifampicin could be added without completely inhibiting the development of proheterocysts was 5 h (Fig. 5a) . At this time the control culture without inhibitor had differentiated 2.5 % proheterocysts (Fig. 5 6) . The maximum proheterocyst frequency was achieved when rifampicin was added 12 h after initiation, at which time the untreated control culture had attained almost maximum proheterocyst frequency. The minimum time after initiation at which rifampicin could be added without totally inhibiting the formation of mature heterocysts was 11-12 h; at this stage the control culture still had ve y low levels (approximately 0.5 %) of mature heterocysts. Maximum heterocyst frequency was observed in the presence of rifampicin if the inhibitor was added at, or after, 19-20 h, at which time the control culture contained less than half the final level of mature heterocysts (Fig. 56) . Equivalent experiments were performed with mitomycin C, chloramphenicol, readdition of fixed nitrogen and transfer to darkness (see . From these, commitment times have been derived (see Table 1 ) indicating the minimum time, following initiation, at which each treatment can no longer completely prevent the development of proheterocysts and heterocysts. Fig. 7 . Estimation of the commitment to heterocyst development in A. cylindrica. Details as for Fig. 5 , except that chloramphenicol (5 pg ml-*) was added at the times indicated. Fig. 8 . Estimation of the commitment to heterocyst development in A. cylindrica. Details as for Fig. 5 , except that NH4Cl (4 mM) was added at the times indicated. 
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DISCUSSION
The results presented here, and those of other workers (see Introduction, and Adams & Carr, 1981) indicate that the synthesis of DNA, RNA and protein is required for heterocyst differentiation to occur. Chloramphenicol caused a greater inhibition of the formation of mature heterocysts than of proheterocyst differentiation, a much higher concentration of this inhibitor being needed to prevent the latter process (Fig. lb) . A similar effect was apparent with rifampicin, although at 0.05 pg ml-l there was an overall increase in the total frequency of differentiated cells (10-6%), consisting mostly of proheterocysts, compared with the control which contained a total of 7.9% of differentiated cells, consisting mostly of mature heterocysts.
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This increase in cellular differentiation is consistent with observations made by Wolk (1973, although he also noted the presence of multiple (adjacent) heterocysts, which were not observed during the course of this work. This may well be a reflection of the different organisms or growth conditions used. The differential sensitivity of the two cell types was slightly less apparent with mitomycin C (Fig. 1 c) . The reason for this differential sensitivity is not clear, but it may reflect the degree of maturity of the proheterocysts and therefore the extent to which new RNA or protein synthesis is required. No attempt was made to assess the precise stage of development achieved by the proheterocysts in the presence of inhibitors. It may be that the presence of inhibitors at low to medium concentrations caused proheterocysts to cease development at an earlier stage, while complete inhibition only occurred at high concentrations. This could only be confirmed by the use of electron microscopy.
The presence of rifampicin (0-2 pg ml-l) during the first 1.5 h after initiation had no effect on final heterocyst frequency (Fig. 3) . However, there was a 25 % increase in heterocyst frequency if the inhibitor was present until 2 h. This increase suggests that the synthesis of new RNA, having some direct or indirect involvement in the regulation of the final heterocyst frequency, is largely initiated during this 1.5-2 h period. Prolonged incubation with rifampicin resulted in decreased differentiation, until none occurred if the inhibitor was present until 14 h. A clearer picture was obtained from the second experiment with rifampicin in which it was present for different 1 h periods. A reproducible peak in heterocyst frequency was obtained when the inhibitor was present during the period 4-5 h after initiation, and this was confirmed using 2 h periods, when a greater increase in frequency was obtained (Fig. 4) . This again implies that any reduction in initiation of RNA synthesis during this period results in an increased heterocyst frequency and presumably, therefore, new RNAs concerned with heterocyst development or frequency are initiated approximately 1-4 h after removal of fixed nitrogen. If it is assumed that such RNA regulates differentiation through its protein product, then it might be expected that in equivalent experiments, chloramphenicol would produce similar results, since any reduction in protein synthesis at this time would increase heterocyst frequency. However, no such change was observed (data not shown). The explanation for this may well lie in the mechanism of action of the two inhibitors. Rifampicin inhibits initiation of RNA synthesis, but does not prevent the continued synthesis of pre-initiated RNA (Hartmann et al., 1967; Neuhoff et al., 1970) . Thus, addition of the inhibitor for short periods would not affect the translation of existing RNA, nor the completion of synthesis and subsequent translation of RNAs initiated prior to the addition of the inhibitor. Brief exposure to rifampicin would thus allow differentiation to continue, while having a much greater effect on any process relying on RNA synthesis initiated largely during this period. Such a process might be that which regulates heterocyst frequency. Chloramphenicol, on the other hand, would cause a rapid reduction in the rate of all protein synthesis for the duration of its presence and would thus cause a cessation of differentiation and prevent the commitment of greater numbers of heterocysts. Mitomycin C, rifampicin, chloramphenicol, NH4Cl and transfer to darkness each result in different commitment times for proheterocyst development and for heterocyst development. In addition, the commitment times for each inhibitor are different (Table 1 ). This variation in commitment times may reflect differences in the timing of the molecular events which are involved in the regulation of heterocyst development. The rate and extent of proheterocyst and heterocyst differentiation varied slightly from culture to culture (compare, for example, the control cultures in Figs 5 b-8 b) , and this makes the determination of precise commitment times extremely difficult. Because of this and other difficulties inherent in the experiments used to estimate commitment, the values in Table 1 must be regarded as approximate. In particular, chloramphenicol gave variable results for commitment, possibly as a result of the incomplete inhibition of protein synthesis at the concentration used (Fig. 2a) .
It was shown above that DNA synthesis is required for proheterocyst and heterocyst development and that the commitment point for DNA occurs before that for RNA and protein.
Transfer of cyanobacteria to darkness causes an eventual cessation of DNA synthesis (see Doolittle, 1979) , possibly resulting from the completion of existing rounds of replication, but failure to initizte new rounds. (Clearly, however, those cyanobacteria capable of slow, dark (0 h), and the cell illustrated is the first in the culture to begin differentiation. The horizontal arrows to the right of the scale indicate the approximate times at which development as far as a proheterocyst (dashed arrows) or heterocyst (solid arrows) is able to continue if the cell is transferred to darkness (D) or the following are added: NH4Cl (N), mitomycin C (MC), rifampicin (Rif), chloramphenicol (Cap) . See text for full details. These times are related to the replication of the genome, indicated by the circle. Replication begins at a single origin (0) at 0.5 h and proceeds bidirectionally (arrows), terminating at a point (t) diametrically opposite o at approximately 10 h. The genes whose expression is required for the cell to develop into a proheterocyst and a mature heterocyst are indicated byphc and rnhc, respectively. The morphology of the cell, in comparison with several adjacent cells, is indicated by the schematic diagram to the right and is related to the same vertical time scale. The cell begins in the vegetative form (top) with relatively granular cytoplasm, progressing to the proheterocyst stage (centre) when it has become larger in size, more regular in shape and with paler and less granular cytoplasm, and finally to the mature heterocyst (bottom) with characteristic thickened cell walls and obvious polar bodies. The square bracket on the time scale indicates the period when the major controls over the eventual heterocyst frequency of the whole culture are exerted. The presence of rifampicin during this short period only, results in the development of a much higher heterocyst frequency (see text for details).
heterotrophic growth must continue to synthesize DNA in the dark.) The light requirement for differentiation (this communication, and Bradley & Carr, 1977) may thus be regarded as a need for the initiation of DNA replication prior to transfer to darkness. However, this is not the complete story: if it were, the commitment times for both proheterocysts and mature heterocysts should be identical, which they are not ( Table 1 ). The longer commitment time for heterocysts (3-5 h) compared with that of proheterocysts (0-1 h) presumably results from a higher energy requirement to complete the DNA, RNA and protein synthesis necessary for heterocyst development. There is a possibility that mitomycin C affects differentiation indirectly. This might occur, for example, if the inhibition of DNA synthesis resulted in a cessation of either cell division or increase in cell volume. This could, in turn, maintain an ammonia-derived inhibitor of heterocyst development at a high enough concentration to prevent differentiation. However, if this were the case, the commitment times for readdition of NH4Cl should be similar to those for addition of mitomycin C, but they are shorter.
The results outlined above can be encompassed in the model shown in Fig. 9 . This is based on the commitment times shown in Table 1 and represents the sequence and timing of molecular events in a single cell during its transformation from the vegetative form into a mature
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heterocyst. This cell is the first to differentiate in a culture transferred to medium lacking fixed nitrogen at 0 h. Time is indicated by the vertical scale. The circle represents the genome, replication proceeding in both directions from a single origin, 0. Although bidirectional replication has been assumed, it is not essential to the model outlined. Since the cell illustrated is the first to begin differentiation, it must have been close to the point in its cell cycle at which differentiation could be 'switched on' when it was first stimulated to differentiate (i.e. when it first perceived nitrogen starvation). This cell is therefore likely to be a small daughter cell in the period shortly after its formation (Wilcox et al., 1975) , during which time DNA replication would be expected to be initiated. Thus, the point at which the cell can be 'switched on' should correspond closely to the time of initiation of DNA replication, which has therefore been set to 0.5 h on the scale. The replication time for A. cylindrica has been estimated to be approximately 8-1 0 h (Adams, 1978) and hence replication terminates, at a point (t) diametrically opposite 0, at 10 h.
The expression of the genes indicated by phc and mhc is the first requirement for the development of the cell into a proheterocyst and a mature heterocyst, respectively. These genes may contain structural information (for example, for the morphological changes associated with differentiation), or may be solely regulatory. Genes involved in the purely physiological changes of heterocyst development may well be scattered throughout the genome and are unlikely to play any direct role in the regulation of the development or spacing of heterocysts. The genesphc and mhc have been placed at extremes of the genome because of the period of approximately 6-8 h between the DNA commitment times for proheterocyst and mature heterocyst development (see also Adams & Carr, 1979) . We propose that expression of phc and mhc can occur for only a brief period immediately after their replication and hence their physical separation introduces an effective timer to the process of heterocyst development (Adams & Carr, 198 1) . A similar model has been proposed for the periodic control of developmental gene expression in Caulobacter crescentus (Osley & Newton, 1980) . The estimated replication time of 8-10 h for A. cylindrica (Adams, 1978) correlates with the difference between the proheterocyst and mature heterocyst DNA commitment times. Thus expression of phc and mhc is temporally separated by approximately 8 h. The two sets of genes can be individually regulated and their expression is blocked in the presence of high levels of fixed nitrogen, by a mechanism about which we presently know nothing. Thus a vegetative cell which begins to develop into a proheterocyst can be prevented from progressing further by readdition of ammonia at any time up to approximately 8 h following the initiation of its differentiation, since mhc genes will not be expressed if they have been replicated in the presence of high levels of fixed nitrogen. This timer mechanism explains the similarity in the interval of approximately 8 h between proheterocyst and heterocyst commitment times for all the inhibitory influences used, apart from transfer to darkness, where this is only 2-4 h. The latter can be explained by a different energy requirement for proheterocyst and heterocyst development, which has no direct temporal link with DNA replication.
The long period between the point at which a cell begins to develop into a proheterocyst and the time it becomes committed to maturation has important consequences. It permits the organism flexibility in its response to nitrogen starvation and enhances its ability to compete in a fluctuating environment where it would be wasteful in terms of both energy and division capacity (heterocysts cannot divide) to produce mature heterocysts in response to a short-lived decrease in fixed nitrogen supply. More importantly, perhaps, it permits a fine control over heterocyst spacing and frequency. During the early stages of differentiation it is not uncommon for a number of closely-positioned or even adjacent cells to enter development at the same time (see Wilcox et al., 1975) . The maintenance of a regular pattern of individual heterocysts requires that only one of a group of such cells completes its development, and this could not occur if the cells became committed to full development at an early stage. The long temporal separation of proheterocyst and mature heterocyst commitments permits the flexibility required to attain the most efficient frequency and distribution of heterocysts, for which the selective pressures must be considerable.
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